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Description
[Technical Field]

[0001] This application claims the benefit of priority based on Korean Patent Application No. 10-2022-0125099 filed
on September 30, 2022, all contents of which are incorporated as a part of the present specification.

[0002] The presentinvention relates to a method for producing a positive electrode active material for a lithium sec-
ondary battery, and a positive electrode active material manufactured thereby.

[Background Art]

[0003] A lithium ion secondary battery with high energy density, low self-discharge rate, and long lifetime is suitable
to meet the demand for high-capacity batteries. On the other hand, since a lithium ion secondary battery has the structure
where the negative and positive electrodes are separated by a separating film, a short circuit can occur if the separating
film is damaged due to deformation or external impact, and therefore, there is the stability issue against overheating, so
research is being conducted to improve it.

[0004] All-solid-state batteries have been presented as a solution to overcome the safety concerns of lithium ion
secondary batteries. Unlike conventional batteries that use liquid electrolyte, all-solid-state batteries have an electrolyte
layer containing solid electrolyte. The solid electrolyte in an all-solid-state battery may have a positive electrode layer
and a negative electrode layer that contain solid electrolyte on both sides. Each electrode in an all-solid-state battery
may be coupled to a current collector.

[0005] Since all-solid-state batteries use a solid electrolyte instead of a liquid electrolyte, there is very little possibility
of evaporation of the liquid due to temperature changes or leakage of the electrolyte due to external shocks, which
makes the batteries safe from explosions or fires. All-solid-state batteries also have reduced weight and volume because
they do not require components for leakage and explosion prevention.

[0006] All-solid-state batteries are categorized into oxide-, polymer-, or sulfide-based depending on the raw material
of the solid electrolyte. Among them, sulfide-based all-solid-state batteries have attracted much attention due to their
higher lithium ion conductivity (102 s/cm) than other batteries and excellent temperature stability.

[0007] The method of manufacturing the positive and negative electrodes of an all-solid-state battery is similar to the
method of producing the positive and negative electrodes of a conventional lithium ion battery. Active materials, conductive
materials, and binder solid particles are mixed with a solvent in a certain ratio to form a mixture slurry having low fluidity,
and the slurry is coated in the form of a thin film on a metal current collector, dried, and pressed. In an all-solid-state
battery, solid electrolytes are mixed in the slurry preparation stage.

[0008] Compared toliquid electrolytes, solid electrolytes have a difficulty forming interfaces with active materials. Since
the binder interferes with the formation of the interface between the active material and the solid electrolyte, the electrical
resistance significantly increases. This leads to a drop in power output. Even if a material with high ionic conductivity is
used as a solid electrolyte, the crystallized solid electrolyte must be ground into fine particles in order to mix it into the
electrode slurry. In addition, since a solid electrolyte is mixed with a solvent, conductivity degradation occurs due to the
material constraints rather than the inherent properties of the material. It is known that the ionic conductivity of batteries
using solid electrolytes (10-5 s/cm to 10-2 s/cm) is lower than that of batteries using liquid electrolytes (10-2 s/cm).
[0009] Itis believed that all-solid-state batteries has low ionic conductivity because the batteries cannot form triplets
in the electrode. The triple point is the point where the electrochemical reaction occurs in the electrode, so it is desirable
to form many triple points within the electrode so that many electrochemical reactions can occur.

[0010] The simultaneous mixing of electrode active material, solid electrolyte, conductive material, and binder to form
a slurry results in either dead active material isolated by the conductive material within the electrode structure, or dead
solid electrolyte isolated by the active material. When the isolated solid electrolyte is formed, the active material and the
solid electrolyte are unnecessarily wasted. In addition, the migration path of the lithium ions is blocked, resulting in the
additional problem of reduced energy density.

[0011] Among the methods of manufacturing an all-solid-state battery, a method is known in which the constituent
powders of the battery are sequentially placed in a cylindrical mold and pressurized to combine a current collector on
the positive and negative electrodes. The method does not bring out uniform deposition on the positive electrode (layer)
on the electrolyte layer. The method fails to form a uniform current distribution in the positive electrode, and deviations
in current density occurs, which may cause performance degradation of the battery.

[0012] In addition to uneven deposition in the positive electrode, uneven distribution of the composition in the positive
electrode can also be problematic. Uneven distribution of the positive electrode composition causes localized overcharg-
ing of the electrode, degradation of the active material, and dendrite growth in the lithium metal. This accelerates the
degradation of charge and discharge life of the battery.

[0013] Accordingly, when manufacturing an all-solid-state battery, the contact surface between the active material,
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solid electrolyte and conductive material must be increased to ensure an optimal ion conduction pathway. It is also
important to ensure that the electrode compound is uniformly distributed over the current collector and that the materials
in the electrode compound have a uniform and even distribution.

[Prior art reference]
[patent reference]
[0014]

(Patent reference 1) Japanese Patent Laid-open Publication No. 2012-234648 (Publication Date: November 29,
2012)
(Patent reference 2) Korean Patent Laid-open Publication No. 2022-0045460 (Publication Date: April 12, 2022)

[Disclosure]
[Technical Problem]

[0015] An object of the present invention is to provide a method of manufacturing a positive electrode active material
for a lithium secondary battery in which a coating layer comprising a niobium-based compound can be uniformly and
effectively introduced on the surface of the positive electrode active material.

[0016] Another object of the present invention is to provide a positive electrode active material for a lithium secondary
battery prepared by the above method.

[Technical Solution]

[0017] One embodiment of the present invention provides a method of manufacturing a positive electrode active
material for a lithium secondary battery, comprising the steps of (a) mixing a positive electrode active material capable
ofreversible adsorption and release of lithium ions, and a solvent to produce a positive electrode active material dispersion;
(b) adding and mixing a raw coating material comprising lithium (Li) and niobium (Nb) to produce a coating solution
comprising a niobium-based compound; (c) adding to the positive electrode active material dispersion of step (a), the
coating solution of step (b) to form a coating layer on the surface of the positive electrode active material; and (d) removing
a solvent by pressing filtering the product of step (c).

[0018] Step (a) may indicate mixing a positive electrode active material capable of reversible adsorption and release
of lithium ions with an organic solvent, and then further adding an aqueous solvent to the mixture.

[0019] In step (a), hydrophilic functional groups may be introduced to the surface of the positive electrode active
material by further adding the aqueous solvent.

[0020] The positive electrode active material dispersion may comprise from 10 to 50 wt% solids, based on the total
weight thereof.

[0021] The surface coating layer of the positive electrode active material may comprise 1.0 to 1.2 wt% of a niobium-
based compound, based on the total weight of the solids in the positive electrode active material dispersion.

[0022] The aqueous solvent may be added in an amount of 1.2 to 1.4 wt%, based on the total weight of the solids in
the dispersion of the positive electrode active material.

[0023] The pressing filtration may be carried out by applying a pressure of 0.3 to 0.5 MPa.

[0024] The thickness of the coating layer may be from 10 to 30 nm.

[0025] Atfter step (d), the method may further comprise the step of drying the solvent-removed product at 80 to 120 °C.
[0026] Anotherembodimentofthe presentinvention provides a positive electrode active material for alithium secondary
battery prepared by the above manufacturing method.

[Effects of the Invention]

[0027] An object of the present invention is to provide a method of manufacturing a positive electrode active material
for a lithium secondary battery, in which a niobium-based compound can be uniformly and effectively coated on the
surface of the positive electrode active material by introducing hydrophilic functional groups via an aqueous solvent to
the surface of the positive electrode active material during the formation of a coating layer comprising the niobium-based
compound to reduce the reactivity between the sulfide-based solid electrolyte and the positive electrode active material
of a lithium secondary battery, particularly an all-solid-state battery.

[0028] In addition, the present invention has the effect of solving the problem that the niobium-based compound cannot
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be introduced to the surface of the positive electrode active material, but separated therefrom due to the removal of
residual solvent with a high heat as a conventional method, by removing the residual solvent by pressing filtering the
positive electrode active material dispersion formed with a coating layer comprising the niobium-based compound,
instead of removing the residual solvent with a high heat as a conventional method.

[Description of Drawings]
[0029]

FIG. 1is an SEM image of a positive electrode active material for a lithium secondary battery according to Example
1 of the present invention.

FIG. 2isan SEMimage of a positive electrode active material for a lithium secondary battery according to Comparative
Example 1 of the present invention.

FIG. 3isan SEMimage of a positive electrode active material for a lithium secondary battery according to Comparative
Example 3 of the present invention.

FIG.4isan SEMimage of a positive electrode active material for a lithium secondary battery according to Comparative
Example 7 of the present invention.

FIG. 5 is an energy dispersive X-ray (EDX) image of the positive electrode active material of Example 1 of the
present invention.

FIG. 6 is an energy dispersive X-ray (EDX) image of the positive electrode active material of Comparative Example
1 of the present invention.

FIGS. 7 and 8 are field emission transmission electron microscopy (FE-TEM) images of the positive electrode active
material of Example 1 of the present invention.

[Best Mode]

[0030] Embodiments of the present invention are described hereinafter. It is noted that the terms and words used in
this specification and claims are not to be construed in their ordinary or dictionary sense, but rather in a sense and
concept consistent with the technical idea of the present invention, based on the principle that the inventor(s) may
properly define the concept of a term to best describe his/her invention. Accordingly, it is to be understood that the
compositions described in the embodiments provided in the specification are only the most preferred embodiments of
the present invention and are not exhaustive of the technical ideas of the present invention, and that there may be
various equivalents and variations that may substitute for them at the time of filing.

[0031] Throughout the specification, when a part "includes" a component, it means that a part may further include
other components, not excludes other components, unless otherwise stated.

[0032] The term "nano" used herein means nanoscale and includes sizes of 1 um or less.

[0033] Hereinafter, a method of manufacturing a positive electrode active material for a lithium secondary battery
according to one embodiment is described.

[0034] The present invention relates to a method of manufacturing a positive electrode active material for a lithium
secondary battery in which a niobium-based compound can be uniformly and effectively coated on the surface of the
positive electrode active material.

[0035] An all-solid-state battery developed to improve the stability problem of lithium ion secondary batteries includes
a positive electrode, a negative electrode and a solid electrolyte, wherein a sulfide-based solid electrolyte with high
lithium ion conductivity and excellent stability is mainly used for the positive electrode.

[0036] There are problems that the sulfide-based solid electrolyte and the positive electrode active material generate
an interaction therebetween at the interface to generate a resistance material that hinders the smooth operation of the
all-solid-state battery, and the initial capacity and operation efficiency of the all-solid-state battery are reduced by the
generated resistance material.

[0037] To solve these problems, research has been conducted to improve the performance of all-solid-state batteries
by reducing the reactivity with sulfide-based solid electrolytes by coating the positive electrode active material of all-
solid-state batteries with lithium niobate (LiNbOs).

[0038] However, in the course of coating the positive electrode active material with lithium niobate, a problem was
found that, when the lithium niobate was subjected to heat treatment in a high-temperature environment to evaporate
the organic solvent contained in the coating solution, the lithium niobate was not fully coated on the surface of the positive
electrode active material and was separated therefrom, resulting in forming an uneven coating layer.

[0039] Accordingly, in order to prevent side reactions of the positive electrode active material with a solid electrolyte
of an all-solid-state battery, especially a sulfide-based solid electrolyte, the present inventors have discovered a method
for manufacturing a positive electrode active material for a lithium secondary battery in which a coating layer comprising
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a niobium-based compound is formed on the surface of the positive electrode active material, but by first introducing
hydrophilic functional groups to the surface of the positive electrode active material by introducing an aqueous solvent,
the niobium-based compound can be uniformly and effectively coated on the surface of the positive electrode active
material, and completed the present invention.

[0040] Furthermore, the presentinvention was also completed by the discovery that, by removing the residual solvent
by pressing filtering the positive electrode active material dispersion in which a coating layer comprising the niobium-
based compound is formed, instead of removing the residual solvent by using a high heat as a conventional method,
the problem that the niobium-based compound cannot be introduced to the surface of the positive electrode active
material by removing the residual solvent by using a high heat as a conventional method, and is separated therefrom
can be solved.

[0041] A method of manufacturing a positive electrode active material for a lithium secondary battery according to one
embodiment of the present invention comprises the steps of (a) mixing a positive electrode active material capable of
reversible adsorption and release of lithium ions, and a solvent to produce a positive electrode active material dispersion;
(b) adding and mixing a coating material comprising lithium (Li) and niobium (Nb) to produce a coating solution comprising
a niobium-based compound; (c) adding to the positive electrode active material dispersion of step (a), the coating solution
of step (b) to form a coating layer on the surface of the positive electrode active material; and (d) pressing filtering the
product of step (c) to remove a solvent.

[0042] First, a positive electrode active material dispersion is prepared by mixing a positive electrode active material
capable of reversible adsorption and release of lithium ions and a solvent. (Step (a))

[0043] The positive electrode active material capable of reversible adsorption and release of lithium ions can be used
without limitation as long as it can be used as a positive electrode active material of a lithium ion secondary battery. For
example, the positive electrode active material may be, but is not limited to, a layered compound such as lithium cobalt
oxides (LiCoO,), lithium nickel oxides (LiNiO,), or a compound substituted with one or more transition metals; lithium
manganese oxides of Li;,,Mn,_,O, (whereinxis 0to 0.33), LiMnOs, LiMn,O5 or LiMnO,; lithium copper oxides (Li,CuO,) ;
vanadium oxides, such as LiV;0g, LiV30,4, V,05 or Cu,V,04; lithium nickel oxides represented by LiNi4_,M,O, (wherein
M is Co, Mn, Al, Cu, Fe, Mg, B or Ga, and comprises one or more therefrom, and x is 0.01 to 0.3), such as
LiNg gCoq 1Mg_1Oo; lithium manganese complex oxides represented by LiMn,_,M, O, (wherein M is Co, Ni, Fe, Cr, Zn or
Ta, wherein x is 0.01 to 0.1) or Li,Mn3sMOg (wherein M is Fe, Co, Ni, Cu or Zn); lithium manganese complex oxides with
a spinel structure represented by LiNi,Mn,_ O,; LiMn,O, in which the Li is partially replaced by an alkaline earth metal
ion; disulfide compounds; or Fe,(MoQ,),. The positive electrode active material may typically be comprised in an amount
of 70 to 95 wt%, 75 to 95 wt%, or 80 to 95 wt%, based on 100 wt% of the electrode layer.

[0044] In one embodiment of the present invention, step (a) may comprise mixing a positive electrode active material
capable of reversible adsorption and release of lithium ions and an organic solvent, and then further adding an aqueous
solvent to the mixture.

[0045] The organic solvent may be used without special restriction as long as it is capable of effectively dispersing
the positive electrode active material, and an alcohol-based solvent such as ethanol orisopropyl alcoholis preferably used.
[0046] By further adding aqueous solvent to the mixture of the positive electrode active material and the organic
solvent, hydrophilic functional groups can be introduced on the surface of the positive electrode active material.
[0047] In the case of the niobium-based compound comprised in the solution forming a positive electrode active
material coating layer described hereinafter, itinduces a "hydrolysis-condensation" reaction with the hydrophilic functional
groups introduced by the aqueous solvent, which plays a role in enabling the niobium-based compound to be effectively
coated on the surface compared to the positive electrode active material in which no hydrophilic functional groups are
introduced.

[0048] This can be understood that an organic solvent has priority in dispersing a positive electrode active material,
and has a reduced ability to introduce hydrophilic functional groups to the surface of the positive electrode active material
compared to an aqueous solvent.

[0049] The aqueous solvent is not particularly limited, provided that it does not affect the properties of the positive
electrode active material, but deionized water, ultrapure water, or distilled water can be specifically used.

[0050] The hydrophilic functional groups introduced to the surface of the positive electrode active material by the
aqueous solvent may be, for example, a hydroxyl group (-OH).

[0051] Inthe process of preparing a positive electrode active material dispersion, if the positive electrode active material
is first mixed with an aqueous solvent instead of an organic solvent, there is a problem that the positive electrode active
material cannot be uniformly dispersed in the aqueous solvent and may agglomerate, and the hydrophilic functional
groups may not be effectively introduced to the surface of the positive electrode active material, so it is preferable to
prepare the positive electrode active material dispersion by first mixing the positive electrode active material with the
organic solvent and then adding the aqueous solvent thereto.

[0052] In one embodiment of the present invention, the positive electrode active material dispersion may comprise
from 10 to 50 wt% solids, based on the total weight thereof. For example, the solids content may be 20 to 50 wt%, 30
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to 50 wt%, preferably 40 to 50 wt%, based on the total weight of the positive electrode active material dispersion.
[0053] Ifthe content of solids in the positive electrode active material dispersion is less than 10 wt%, there is a problem
that the capacity of the loading amount of the positive electrode active material in the electrode is reduced, which may
lead to a reduction of the capacity of the lithium secondary battery, and if the content of solids exceeds 50 wt%, there
is a problem that agglomeration of solids may occur due to uneven stirring during the preparation of the positive electrode
active material dispersion.

[0054] In one embodiment of the present invention, the aqueous solvent may be introduced in an amount of 1.2t0 1.4
wt%, based on the total weight of the solids in the dispersion of the positive electrode active material. For example, the
content of the aqueous solvent may be comprised in an amount of 1.25 to 1.4 wt%, 1.3 to 1.4 wt%, preferably 1.34 to
1.4 wt%, based on the total weight of solids in the positive electrode active material dispersion.

[0055] If the amount of aqueous solvent is less than 1.2 wt%, it may be difficult to effectively introduce hydrophilic
functional groups to the surface of the positive electrode active material, so the coating layer of the niobium-based
compound may not be properly formed, and if the amount exceeds 1.4 wt%, a gelation may occur, resulting in agglom-
eration of the positive electrode active material and formation of an uneven coating layer, so the amount of aqueous
solvent is appropriately adjusted within the above ranges.

[0056] Next, the raw coating material including lithium (Li) or niobium (Nb) is added and mixed to prepare a coating
solution including a niobium-based compound (step (b)).

[0057] An aqueous solvent such as deionized, ultrapure or distilled water, or an organic solvent such as ethanol or
isopropyl alcohol can be used as a solvent for preparing the coating solution.

[0058] As the raw coating material, a raw material comprising lithium or niobium that can be completely dissolved in
an aqueous solvent or an organic solvent can be used, more preferably lithium ethoxides or niobium acids. The amount
of raw material to be introduced is preferably 0.05 M to 0.3 M of lithium element and niobium element, respectively, on
the basis of molarity (M), which refers to the molar ratio of elements per liter, more preferably 0.1 M to 0.2 M of solution
concentration.

[0059] In the process of preparing a coating solution, even if the raw coating material is dissolved in the solvent, a
local reprecipitation reaction may occur and niobium oxide (Nb,Os) precipitates may be formed if the hydrogen ion
concentration and reaction temperature are not finely controlled, so the hydrogen ion concentration, reaction temperature,
and reaction time are controlled within a desirable range.

[0060] Next, the coating solution of step (b) is added to the positive electrode active material dispersion of step (a) to
form a coating layer on the surface of the positive electrode active material (step (c)).

[0061] The coating solution of step (b) may be added in a trickle until the formation of the coating layer on the surface
of the positive electrode active material is completed, for example, the coating solution may be added at a rate of 1
mL/min to 20 mL/min.

[0062] As a result of the introduction of hydrophilic functional groups on the surface of the positive electrode active
material due to the aqueous solvent during the preparation of the positive electrode active material dispersion, the
niobium-based compound in the coating solution can combine with the hydrophilic functional groups on the surface of
the positive electrode active material to effectively form a uniform coating layer.

[0063] In one embodiment of the present invention, the surface coating layer of the positive electrode active material
may comprise 1.0 to 1.2 wit% of a niobium-based compound, based on the total weight of the solids in the positive
electrode active material dispersion.

[0064] If the content of a niobium-based compound is less than 1.0 wt%, it may be difficult to form a coating layer and
reduce the side reaction between the sulfide-based solid electrolyte and the positive electrode active material, and if the
content is more than 1.2 wt%, the niobium-based compound may agglomerate or form an uneven coating layer on the
surface of the positive electrode active material, so the content of the niobium-based compound is appropriately adjusted
within the above range.

[0065] Next, the coating solution is added to the positive electrode active material dispersion, and the product with a
coating layer formed on the surface of the positive electrode active material is pressed and filtered to remove the solvent
(step (d)).

[0066] When the product of the positive electrode active material in which a coating layer of the niobium-based com-
pound is formed is pressed and filtered, a heat is not generated compared to the case in which the residual solvent is
removed by a conventional separate heat treatment process, so that the detachment of the niobium-based compound
in the coating layer can be prevented, and thus the formation of an uneven coating layer can be also prevented. Through
the pressing filtration process, the excess organic solvent added to prepare the positive electrode active material dis-
persion and the excess aqueous solvent added to provide hydrophilic functional groups to the surface of the positive
electrode active material can be largely removed.

[0067] The pressing filtration can be performed using techniques known in the art. As devices for pressing filtration,
pressing filters, filter presses, screw presses, V-shaped disk presses, and the like can be used.

[0068] The pressing filtration may be carried out by applying a predetermined pressure using the above devices, for
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example, by applying a pressure of 0.3 to 0.5 MPa. If the pressure of the pressing filtration is less than 0.3 MPa, an
organic solvent may remain in the product in which a coating layer is formed on the positive electrode active material,
and lithium niobates may not be completely coated on the positive electrode active material and may be separated
therefrom, resulting in forming an uneven coating layer.

[0069] In one embodiment of the present invention, after the pressing filtration step (step (d)), the step of drying the
product from which the solvent has been removed may be further comprised.

[0070] Since, in the positive electrode active material product with the coating layer formed in step (d), most of the
solvent is removed by pressing filtration, even in the additional drying step, the niobium-based compound formed on the
surface of the positive electrode active material is not separated therefrom.

[0071] Thedrying process is a process for removing residual solvents and moisture contained in the positive electrode
active material on which the coating layer is formed, and can be performed, for example, in a vacuum oven at 80 to 120
°C for 8 to 16 hours. Drying methods include, for example, drying by warm air, hot air or low humidity air, vacuum drying,
or irradiation with (far) infrared or electromagnetic radiation. After the drying process, a cooling process may be further
comprised, wherein the cooling process may be slow cooling to room temperature to ensure that the coating layer on
the surface of the positive electrode active material is well formed.

[0072] The positive electrode active material prepared by the above steps can improve the performance of an all-
solid-state battery by reducing the reactivity with a sulfide-based solid electrolyte by forming a coating layer comprising
a niobium compound on the surface thereof.

[0073] The thickness of the coating layer comprising the niobium compound may be, for example, from 10 to 30 nm,
for example, from 15 to 25 nm, and preferably from 20 to 25 nm. If the thickness of the coating layer is less than 10 nm,
the effect of reducing the reactivity with the solid electrolyte by the niobium compound may be reduced, and if the
thickness of the coating layer is greater than 30 nm, it may affect the absorption and release of lithium ions, or the coating
layer may act as a resistance and thus act as a resistance of the all-solid-state battery, so the thickness is appropriately
adjusted in the above ranges.

[0074] Anotherembodimentofthe presentinvention provides a positive electrode active material for alithium secondary
battery prepared by the method of preparing the positive electrode active material.

[0075] Another embodiment of the present invention provides a lithium secondary battery comprising a positive elec-
trode active material prepared by the above method.

[0076] The lithium secondary battery may comprise a positive electrode, a negative electrode, and an electrolyte
interposed between these electrodes, and in one embodiment, the lithium secondary battery may be an all-solid-state
battery comprising a solid electrolyte film.

[0077] The positive electrode may comprise a current collector and a positive electrode active material layer formed
on at least one side of the current collector, wherein the positive electrode active material layer may comprise a positive
electrode active material, a solid electrolyte and a conductive material. Further, in one specific embodiment of the present
invention, the positive electrode active material layer may further comprise a binder material. The addition of the binder
material may increase the adhesion of the positive electrode active material layer to the current collector and/or the solid
electrolyte layer, and independently or in conjunction therewith, may also help to improve the adhesion between the
components comprised in the positive electrode active material.

[0078] The positive electrode active material can be used without limitation as long as it can be used as a positive
electrode active material of a lithium ion secondary battery, and the specific description thereof is the same as described
above, so the specific description is omitted herein.

[0079] The solid electrolyte included in the positive electrode may be one or more selected from, for example, Li,S-
P,Ss, LipS-Lil-P5Ss, LipS-PSg-LiCl, LipyS-Lil-LiyO-P,Ss, LipyS-LiBr-P,Ss, LisS-Li,O-PoSg, LiyS-LisPO4-PoSs, LinS-
P,S5-P,05, LixS-P,S5-SiS,, LiyS-PySs-SnS, LinS-P,Ss-AlLS,, LinS-GeS, or Lir,S-GeS,-ZnS, LigPSsCl, LigPSsBr or
LigPS5Cl,Br(1.yy (Wherein x is 0.1<x<0.9) and combinations thereof, and may preferably include LigPS5Cl, LigPSsBr or
LigPS5Cl,Br(1.) (Wherein x is 0.1<x<0.9) with the Argyrodite structure or combinations thereof. The solid electrolyte may
typically be comprised in a range of 1 to 30 wt%, 1 to 20 wt%, or 1 to 15 wt%, based on 100 wt% of the electrode layer.
[0080] The conductive material is not particularly limited as long as it has conductivity without causing any chemical
changes in the battery, for example, graphite such as natural graphite or artificial graphite; carbon black such as carbon
black, acetylene black, ketjen black, channel black, furnace black, lamp black, summer black, etc; conductive fibers
such as carbon fibers such as vapor grown carbon fiber (VGCF) or metal fibers; metal powders such as carbon fluorides,
aluminum or nickel powders; conductive whiskers such as zinc oxides or potassium titanates; conductive metal oxides
such as titanium oxides; the conductive materials, such as polyphenylene derivatives, or mixtures of one or two or more
selected therefrom. The conductive material may typically be comprised in a range of 1 to 10 wt%, or 1 to 5 wt%, based
on 100 wt% of the electrode layer.

[0081] The binder is not particularly limited as long as it is a component that aids in the bonding of the active material
to the conductive material or the bonding to the current collector, e.g., polyvinylidene fluoride, polyvinyl alcohol, car-
boxymethyl cellulose (CMC), starch, hydroxypropyl cellulose, regenerated cellulose, polyvinylpyrrolidone, polytetrafluor-
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oethylene, polyethylene, polypropylene, ethylene-propylene-diene monomer (EPDM), sulfonated EPDM, styrene buta-
diene rubber, fluorinated rubber, or various copolymers thereof. The binder may typically be comprised in a range of 1
to 20 wt%, or 1 to 10 wt%, based on 100 wt% of the electrode layer.

[0082] The negative electrode may be a negative current collector, or comprise a negative electrode active material
layer formed on the surface of the current collector.

[0083] The negative electrode current collector is not particularly limited as long as it is conductive without causing
any chemical changes in the all-solid-state battery, and for example, copper, stainless steel, aluminum, nickel, titanium,
calcined carbon, copper or stainless steel whose surface is treated with carbon, nickel, titanium, silver, etc., or an
aluminum-cadmium alloy may be used. Also, like the positive electrode current collector, the negative electrode current
collector may be in various forms, such as a film, sheet, foil, net, porous material, foam or nonwoven material with fine
irregularities formed on the surface thereof.

[0084] The negative electrode active material layer may comprise one or more elements selected from alkali metals,
alkaline earth metals, 3B group metals and transition metals. In a specific embodiment of the present invention, non-
limiting examples of the alkali metal include at least one metal selected from the group consisting of lithium (Li), sodium
(Na), potassium (K), rubidium (Rb), cesium (Cs) and francium (Fr), preferably lithium. Alternatively, the negative electrode
may be a lithium metal or a lithium alloy as the negative electrode active material. The lithium alloy may be an alloy
comprising lithium and at least one metal selected from the group consisting of Na, K, Rb, Cs, Fr, Be, Mg, Ca, Sr, Ba,
Ra, Aland Sn. In a specific embodiment of the present invention, the negative electrode may be laminated with a negative
electrode current collector and a lithium metal thin film having a predetermined thickness bonded to each other by pressing.
[0085] Inone embodiment of the presentinvention, the negative and/or positive electrode may further comprise various
additives for the purpose of complementing or improving physicochemical properties thereof. The additives may include
one or more of, but are not limited to, oxidation stable additives, reduction stable additives, flame retardants, heat
stabilizers or antifogging agents.

[0086] Each of the negative and positive electrodes may use cyclic aliphatic hydrocarbons such as cyclopentane,
cyclohexane or mixtures thereof, aromatic hydrocarbons such as toluene, xylene or mixtures thereof, or aromatic hy-
drocarbon solvents such as cyclopentane, cyclohexane or mixtures thereof, or mixtures of one or two or more of the
aliphatic hydrocarbon solvents and the aromatic hydrocarbon solvents, as an organic solvent in the preparation of the
electrode slurry. The organic solvent can be selected and used with appropriate drying rates and environmental conditions.
[0087] The solid electrolyte film may be provided between the negative and positive electrodes.

[0088] The solid electrolyte film may comprise a solid electrolyte and a binder.

[0089] The solid electrolyte included in the solid electrolyte film includes, for example, LioS-P,Sg, LiyS-Lil-P5Sg, LinS-
P,S5-LiCl, LiyS-Lil-Li;O-P5S5, LiyS-LiBr-P,Sg, LisS-LisO-P,Ss, LinsS-LisPO4-PySs, LinS-PySs-Py0s, LinS-PySs-SiS,,
LiS-P,S5-SnS, LiyS-P,S5-AlyS3, LiS-GeS, or LiyS-GeS,-ZnS, LigPSsCl, LigPSsBr or LigPS5Cl,Br(1y) (wherein x is
0.1<x<0.9) and combinations thereof. The solid electrolyte may typically comprise a range of 80 to 100 wt%, 90 to 100
wt%, or 95 to 100 wt%, based on 100 wt% of the solid electrolyte film.

[0090] The binder included in the solid electrolyte membrane is not particularly limited, as long as it is a component
that assists the binding of the solid electrolyte, for example, polyvinylidene fluoride, polyvinyl alcohol, carboxymethyl
cellulose (CMC), starch, hydroxypropyl cellulose, regenerated cellulose, polyvinylpyrrolidone, polytetrafluoroethylene,
polyethylene, polypropylene, ethylene-propylene-diene monomer (EPDM), sulfonated EPDM, styrene butadiene rubber,
fluorinated rubber, or various copolymers thereof. The binder may typically be included in a range of 1 to 20 wt%, or 1
to 10 wt%, based on 100 wt% of the solid electrolyte membrane.

[0091] The ionic conductivity of the solid electrolyte film may be, for example, greater than 5x 10-3 S/cm and less than
or equal to 1x 101 S/cm. If the ionic conductivity of the solid electrolyte film is less than 5x10-3 S/cm, it does not provide
lithium ion conduction between the negative and positive electrodes in the all-solid-state battery structure to a main
pathway, making it difficult to implement basic cell performance. Although the higher the ionic conductivity of the solid
electrolyte film, the more advantageous it is, it is preferably limited to a range of 1X10-1 S/cm or less, based on com-
prehensive consideration of the characteristics of the solid electrolyte, limitation of performance to be implemented, and
atmosphere stability.

[0092] Hereinafter, Examples of the present invention are provided. However, Examples are presented to specifically
illustrate or describe the present invention, but the present invention is not limited thereto. In addition, even matters not
described herein are sufficiently to be inferred by those skilled in the art and are omitted herein.

Examples
Example 1

[0093]



10

15

20

25

30

35

40

45

50

55

EP 4 401 167 A1

(1) In a vessel with a diameter of 30 cm, 6 kg of Li(NiXCoyMnZ)O2 as a positive electrode active material and 4.0 L
of ethanol were added and dispersed, and then 80.4 g of distilled water was added and stirred at a speed of 200
rpm for 20 minutes to prepare a positive electrode active material dispersion.

(2) Next, a lithium precursor, lithium ethoxide (CH3CH,OLi), was dissolved in ethanol for 1 hour, and then a niobium
precursor, niobium pentaethoxide (Nb(OCH,CHs;)5), was added to this solution to prepare a coating solution. The
coating solution was mixed so that the niobium compound was comprised in an amount of 1.0 wt% based on the
total weight of the solids in the positive electrode active material dispersion.

(3) Next, the coating solution was added to the positive electrode active material dispersion to form a coating layer
onthe surface of the positive electrode active material. The coating solution was dropped into the container containing
the positive electrode active material dispersion at a rate of 2 to 10 mL/min.

(4) The positive electrode active material on which the coating layer was formed was obtained, and the residual
solvent was removed by pressing it through a pressure filter at a pressure of 0.5 MPa.

(5) The positive electrode active material with the solvent removed was collected, placed in a vacuum oven, and
dried at 80 °C for 12 hours to prepare a positive electrode active material for a lithium secondary battery with a
surface coating layer of lithium niobate (LiNbOs).

[0094] Referring to FIG. 7, in which the prepared positive electrode active material is observed by a field emission
transmission electron microscope (FE-TEM), it can be seen that a coating layer containing a niobium-based compound
is formed on the surface of the positive electrode active material with a thickness of about 20 nm. Also, referring to FIG.
8, it can be seen that the coating layer on the surface of the positive electrode active material contains a niobium-based
compound.

Example 2

[0095] The positive electrode active material for a lithium secondary battery in which lithium niobate (LiNbOs) is formed
as a surface coating layer was prepared as in Example 1, except that the coating solution was prepared so that the
niobium compound was comprised in an amount of 1.2 wt% based on the total weight of the solids in the positive electrode

active material dispersion.

Comparative Examples 1to 7

[0096] The positive electrode active material for a lithium secondary battery was prepared as in Example 1, except
that the solids content in the positive electrode active material dispersion, the content of the niobium-based compound
in the coating solution, and the content of the aqueous solvent to be added were adjusted as shown in Table 1 below.

[Table 1]
f;othmengi?tit\?eth;;tz\év:ight (co.m pared to the total weight of | (com pared to the total weight
active material dispersion) solids) of solids)
Solids (%) ,;lolztt)::]rtn(-:,?;jd compound ,(i\lstl:/f)ous solvent content
Example 1 50 1.0 1.34
Example 2 50 1.2 1.34
Comp. Example 1 | 50 1.0 -
Comp. Example 2 | 50 1.4 1.34
Comp. Example 3 | 50 1.0 1.1
Comp. Example 4 | 50 1.0 1.6
Comp. Example 5 | 60 1.0 1.34
Comp. Example 6 | 70 1.0 1.34
Comp. Example 7 | 80 1.0 1.34
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Experimental Example 1: Confirmation of surface characteristics of positive electrode active material

(1) Evaluation of SEM images

[0097] Particle samples of the positive electrode active material for a lithium secondary battery prepared according to
Example 1, Comparative Example 1, Comparative Example 3, and Comparative Example 7 were obtained to confirm
the surface characteristics of the positive electrode active material by scanning electron microscopy (SEM) analysis,
and the results are shown in FIGS. 1 to 4.

[0098] Referring to FIG. 1, in the positive electrode active material according to Example 1, it can be seen that the
surface of the positive electrode active material was uniformly coated with a niobium-based compound by further adding
an aqueous solvent before adding a coating solution of the niobium-based compound to the positive electrode active
material dispersion.

[0099] On the other hand, referring to FIG. 2, it can be seen that, in the positive electrode active material according
to Comparative Example 1, since a separate aqueous solvent was not added during manufacturing the positive electrode
active material, hydrophilic functional groups cannot be introduced to the surface of the positive electrode active material,
and as a result, the niobium-based compound contained in the coating solution did not self-aggregate to form a uniform
coating layer.

[0100] Referring to FIG. 3, it can be seen that, in the positive electrode active material according to Comparative
Example 3, the niobium-based compound was not sufficiently introduced into the coating layer because the content of
the aqueous solvent added during manufacturing the positive electrode active material was low, so that hydrophilic
functional groups were not sufficiently introduced into the surface of the positive electrode active material.

[0101] Referring to FIG. 4, it can be seen that, in the positive electrode active material according to Comparative
Example 7, due to the excessive content of solids in the positive electrode active material dispersion, the surplus of the
positive electrode active material that did notform a coating layer agglomerated together and appeared in the coating layer.

(2) Evaluation of energy dispersive X-ray (EDX) images

[0102] Energy dispersive X-ray (EDX) analysis of the positive electrode active material for a lithium secondary battery
prepared according to Example 1 and Comparative Example 1 was performed to confirm the positive electrode active
material surface characteristics, and the results are shown in FIGS. 5 and 6.

[0103] Referring to FIG. 5, it can be seen that, in the positive electrode active material for a lithium secondary battery
prepared according to Example 1, hydrophilic functional groups were introduced to the surface of the positive electrode
active material by further adding an aqueous solvent to the positive electrode active material dispersion before forming
a coating layer of the niobium-based compound, so that the niobium-based compound indicated by red was uniformly
coated on the surface of the positive electrode active material.

[0104] Referring to FIG. 6, it can be seen that, in the positive electrode active material for a lithium secondary battery
prepared according to Comparative Example 1, by not adding a separate aqueous solvent to the positive electrode
active material dispersion, hydrophilic functional groups were not introduced to the surface of the positive electrode
active material, and the niobium-based compound indicated by red was not uniformly coated on the surface of the positive
electrode active material.

Experimental Example 2

[0105] All-solid-state batteries were prepared using the positive electrode active materials prepared in Example 1,
Example 2, and Comparative Examples 1 to 7, respectively, and charge and discharge efficiency and lifetime charac-
teristics for each was evaluated.

(Manufacture of positive electrode)

[0106] First, a mixture was prepared such that the weight ratio of the positive electrode active material prepared
according to Example 1, Example 2, and Comparative Examples 1 to 7, sulfide-based LPSCI (LigPS5Cl manufactured
by JeongKwan Co.Ltd) solid electrolyte, binder, and conductive material was 65:25:5:5. That is, based on 100 parts by
weight of the positive electrode active material prepared according to Example 1, Example 2, and Comparative Examples
1 to 7, the mixture was prepared by mixing 38.46 parts by weight of the LPSCI solid electrolyte, 7.69 parts by weight of
the NBR binder, and 7.69 parts by weight of the conductive material, Super-P. In this case, the NBR binder is a solution
comprising nitrile butadiene rubber (NBR) and xylene, and the amount of NBR is 5 wt%. The NBR binder does not
contain lithium salts.

[0107] Specifically, the positive electrode active material prepared according to Example 1, Example 2 and Comparative
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Examples 1 to 7, LPSCI solid electrolyte and Super-p were weighed in the above weight ratio, and then mixed for 30
minutes using a mortar to prepare a mixed powder. The mixed powder was transferred to a container for a thinky mixer,
and the NBR binder was mixed with the above weight ratio, mounted on the mixer and mixed three times at 1,800 rpm
for 5 minutes to prepare a mixture. Next, xylene was added to the mixture to adjust it to a suitable viscosity, zircon balls
were added, and then the mixture was mixed at 1,800 rpm for 5 minutes to prepare a slurry. The slurry was cast onto
aluminum foil and dried in a vacuum oven at 60 °C for 24 hours to prepare a positive electrode with a loading amount
of 3 mg/cm2,

(Manufacture of solid electrolyte layer)

[0108] A mixture was prepared so that the weight ratio of LigPS;Cl as a sulfide-based solid electrolyte and the binder
was 70:30. That is, the mixture was prepared by mixing 42.9 parts by weight of polyethylene oxide (PEO) binder based
on 100 parts by weight of LigPS5Cl, a solid electrolyte. The PEO binder was prepared by mixing polyethylene oxide
(PEO with a molecular weight of 200,000) and LigPS5Cl in a molar ratio [EO]:[Li] of 15:1.

[0109] Specifically, the solid electrolyte LigPS;Cl and the PEO binder were weighed in the above weight ratio, and
then the mixture was prepared by stirring at 2,000 rpm for 5 minutes using a Thinky mixer.

[0110] Acetonitrile (ACN) was added to the mixture and stirred with a synchro mixer to adjust to have a suitable
viscosity. Next, 2 mm zircon balls were added and stirred with a synchro mixer at 2,000 rpm for 5 minutes to prepare a
slurry. The slurry was cast on a polyethylene terephthalate (PET) film and dried at room temperature to prepare a solid
electrolyte layer with a thickness of 150 um.

(Manufacture of all-solid-state battery)

[0111] The prepared positive electrode and solid electrolyte layer were punched to a diameter of 14 cm or 16 cm,
respectively, and then laminated. Next, the laminate was prepared by heating it to about 60°C and pressurizing it to 0.3
MPa for 0.5 minutes. A negative electrode comprising lithium metal was placed on the laminate to prepare an all-solid-
state battery comprising the positive electrode active material of Example 1, Example 2, and Comparative Examples 1
to 7 using a 2032-size coin cell.

[0112] For each of the all-solid-state batteries of Example 1, Example 2, and Comparative Examples 1 to 7, a charge
to 4.25V at 25°C with a 0.2C constant current was conducted, and a discharge to 3.0V with a 0.2C constant current was
conducted, and the charge and discharge capacities in this first cycle were measured. The discharge capacities in the
first cycle divided by the charge capacities in the first cycle multiplied by 100 are the charge and discharge efficiencies
(%), and they are shown in Table 2 below.

[0113] Furthermore, for each of the all-solid-state batteries of Example 1, Example 2, and Comparative Examples 1
to 7, a 50-cycle charge and discharge at 1C/1C at 45 °C was performed, and then the 50-cycle discharge capacity
retention rate (%) was calculated according to Equation 1 below and is shown in Table 2 below.

50-cycle discharge capacity retention (%)=Discharge capacity of all-solid-state battery at 50th cycle/

. . . [Equation 1]
discharge capacity of all-solid-state battery at 15t cyclex 100

[Table 2]

Charging Discharge Efficiency 50th Cycle Life Characteristics

(mAh/g) (mAh/g) (%) (%)
Example 1 211.6 161.9 76.5 81.4
Example 2 210.3 158.1 75.2 78.3
Comp. Example 1 201.6 146.6 72.7 67.2
Comp. Example 2 208.7 155.3 74.4 74.7
Comp. Example 3 208.1 153.2 73.6 73.5
Comp. Example 4 209.1 156.4 74.8 72.8
Comp. Example 5 210.0 160.0 76.2 76.4
Comp. Example 6 209.7 156.4 74.6 72.8
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(continued)
Charging Discharge Efficiency 50th Cycle Life Characteristics
(mAh/g) (mAh/g) (%) (%)
Comp. Example 7 2014 147.2 73.1 711

[0114] Referring to Table 2 above, it can be seen that, in the all-solid-state battery having the positive electrode active
material according to Examples 1 and 2, compared to the all-solid-state battery according to Comparative Examples 1
to 7, as a result of the introduction of hydrophilic functional groups on the surface of the positive electrode active material
by introducing an aqueous solvent during the preparation of the positive electrode active material, a coating layer
comprising a niobium-based compound was uniformly formed, and the reactivity of the coating layer with the sulfide-
based solid electrolyte was suppressed, thereby improving the charge capacity and life characteristics of the all-solid-
state battery.

[0115] From the above, the preferred embodiments of the present invention have been described in detail, but the
scope of the present invention is not limited thereto, and various modifications and improvements by those skilled in the
art utilizing the basic concepts of the present invention as defined in the following claims are also within the scope of
the present invention.

Claims
1. A method for manufacturing a positive electrode active material for a lithium secondary battery, comprising:

(a) preparing a positive electrode active material dispersion by mixing a positive electrode active material capable
of reversible adsorption and release of lithium ions and a solvent;

(b) adding and mixing a raw coating material comprising lithium (Li) and niobium (Nb) to prepare a coating
solution comprising a niobium-based compound;

(c) adding to the positive electrode active material dispersion of step (a), the coating solution of step (b) to form
a coating layer on the surface of the positive electrode active material; and

(d) pressing filtering the product of step (c) to remove the solvent;

2. The method for manufacturing a positive electrode active material for a lithium secondary battery according to claim
1, wherein in step (a), the positive electrode active material capable of reversible adsorption and release of lithium
ions and the organic solvent are mixed, and then an aqueous solvent was further added to the mixture.

3. The method for manufacturing a positive electrode active material for a lithium secondary battery according to claim
2, comprising introducing hydrophilic functional groups to the surface of the positive electrode active material by
further adding the aqueous solvent.

4. The method for manufacturing a positive electrode active material for a lithium secondary battery according to claim
1, wherein the positive electrode active material dispersion comprises from 10 to 50 percent by weight of solids,
based on the total weight thereof.

5. The method for manufacturing a positive electrode active material for a lithium secondary battery according to claim
1, wherein surface coating layer of the the positive electrode active material comprises 1.0 to 1.2 wt% of a niobium-
based compound, based on the total weight of the solids in the positive electrode active material dispersion.

6. The method for manufacturing a positive electrode active material for a lithium secondary battery according to claim
2, wherein the aqueous solvent is added in an amount of 1.2 to 1.4 wt% based on the total weight of the solids in

the positive electrode active material dispersion.

7. The method for manufacturing a positive electrode active material for a lithium secondary battery according to claim
1, wherein the pressing filtration is carried out at a pressure of 0.3 to 0.5 MPa.

8. The method for manufacturing a positive electrode active material for a lithium secondary battery according to claim
1, wherein the coating layer has a thickness of 10 to 30 nm.
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9. The method for manufacturing a positive electrode active material for a lithium secondary battery according to claim
1, further comprising the step of drying the solvent-removed product at 80 to 120°C after step (d).

10. A positive electrode active material for a lithium secondary battery prepared by the method of manufacturing a
positive electrode active material for a lithium secondary battery according to any one of claims 1 to 9.
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